Often inspection and maintenance work involve a large number of highly dangerous manual operations, especially within industrial fields such as shipbuilding and construction. This paper deals with the autonomous climbing robot which uses the "caterpillar" concept to climb in a complex 3D metallic-based structures. During its motion the robot generates in real-time the path and grasp planning in order to ensure stable self-support, avoid the environment obstacles, and optimise the robot consumption during the inspection. The control and monitoring of the robot is achieved through an advanced Graphical User Interface to allow an effective and user friendly operation of the robot. The experiments confirm its advantages in executing the inspection operations.
INTRODUCTION
The development of special climbing, walking and mobile robots for non traditional sectors and service application increases every day. The most active industrial sectors are: a) construction, with application to wall erection, brick assembly, etc. 1 , b) electric power transportation hot-line maintenance 2 , c) shipbuilding for welding tasks in ship erection processes 3 , and d) aeronautic application for aircraft inspection 4 , etc.
Construction industry has become one of the most appropriate for robotization, due to its current low level of automation. Another important reason is the high complexity of construction sites and environments, such as buildings, bridges, towers, etc. This is why construction industry demand autonomous climbing robots with a high level of mobility in this type of environments.
During the last years a few well known climbing robots have been developed [5] [6] [7] [8] [9] . Nevertheless, these robots are mainly non autonomous or semi-autonomous in two senses: a) in the control system of the robot, which is usually placed in the "ground", and b) in the power supply source which is also placed in the "ground". The "ground" equipment is umbilically linked to the climbing robot using heavy wires which substantially reduce their mobility. Their control systems work at the actuator level only, but not in the locomotion or inspection ones.
There are many highly dangerous manual operations related to periodical inspection in construction sites. An important part of these operations are performed in large size environments formed by metallic structures with difficult and dangerous access even for skilled workers. The most relevant examples are: inspection of screwed/welded unions of building metallic skeleton or inspection of the painting of the metallic-based bridges with a 3 complex structure, Figure 1 . The possibility of using autonomous robots for these applications will present a very important advantage with regard to safety and quality 10 The main objective of the ROMA robot is the development of multifunctional autonomous self-supported climbing robot able to travel into complex metallic-based environment. The navigation is performed by the robot CPU in an autonomous way without other help. The robot is able to self-support its locomotion system for 3D movements and it has the possibility of autonomous power supply using the on-board batteries or, if it is necessary, be umbilically connected to a "ground" power supply to increase the robots autonomy. The effectiveness of the ROMA robot in inspection of large structures, like bridges, directly depends on its autonomy.
The robot is equipped with two types of on-board sensors for inspection operations: a) colour cameras, and b) laser telemeters.
With the camera it is possible to inspect: a) the colour to check for rust, paint and structural defects, b) the geometric features of screws and bolts to check if they are at their required torque.
Laser is mainly used for: a) localization of the robot with respect to the metallic structure, and b) helps to extract information from the camera images.
ROBOT STRUCTURE
The mechanical, electromechanical and control design and development of the ROMA robot was performed by the University Carlos III of Madrid. There were several stages during the mechanical design. First of all, the analysis of the different movements of the robot in different scenario was performed in order to select its kinematics structure. The output of this process was the selection of robot's number of DOF and their ranges. Then the electromechanical design was performed using the dynamics analysis and simulation package ADAMS 11 . This helps to define the length and weight of the robot's parts, and select the electrical motors, batteries. etc. for the previously calculated torques.
The ROMA robot is formed by three main parts, Figure 2a: a) the body of the robot, which includes the CPU, the servo controller multiaxis board, one servo motor amplifier (driver), the batteries, the radio-based Ethernet communication with the "ground" operation centre, and auxiliary electronics, such as the multiplexing system, b) the locomotion system formed by two grippers attached to the robots body, which are driven by AC motors with Harmonic Drive reductors. This permits the 3D movements along complex structures, c) the sensorial platform based on a camera and a laser telemeter, for inspection operations and for the robot navigation. Figure 2b shows the ROMA robot on the lab test structure. In this way the robot structure has a non redundant kinematics and a minimum possible number of DOF for 3D complex movements. This is one of the main specifications because each DOF (includes its actuator) increases the total robot weight and consequently increases the required torque to move the overall weight of the robot. Table I summarizes the main characteristic of the ROMA robot. implemented by a multiaxis control board (PMAC). This card is equiped with its own microprocessor which is dedicated to all 8 control loops responsible for the robot motion. This leaves the computer CPU free to process other tasks such as handling the camera image, the laser telemeter, and communicate the necessary information to the ground computer through the Aironet card. More details about the structure and design are given in Balaguer 12 . Each axis controller, in addition to the common PID, includes two feedfordward loops (related to velocity and acceleration), with the possibility to change any parameter on-line even during the motion of the axis, Figure 4 . Due to the fact that gravity factors (angle of elevation of the robot, moving up or down, etc.) have a high influence on the quality of motion, an adaptive control scheme has been implemented. An adaptive gain scheduling is used for deciding online all the parameters of the controller, which are found experimentally. In order to facilitate this search, the motor-link system has been identified using (1) proposed by Abderrahim 14 ,
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where M is the link mass and l is the distance between the axis of rotation and the link centre of gravity in the perpendicular plane to the axis of rotation, T is the torque delivered by the motor, I is the inertia seen at the motor axis (I rotor +I load ), B is the viscous friction coefficient, f 1 and f 2 are the coulomb friction coefficients, and q(t) is the angular position of the motor at time t. With this equation (1) the gravity loading is not ignored, and is taken into account during the motion control.
Starting from equation (1), the values of the gain table were calculated in three stages.
First, using the measured values, shown in Figure 5 , and the MATLAB tools the parameters of the joint were identified. Second, the identified model was used during a simulation exercise to allow the tuning of the PID parameters. The last part consists of the implementation of the PID controller in the robot and performing a fine tuning to the parameters. An example of a gain table can be viewed in Table II where the controller associated to axis 3 decides on these values. This is the case where the gripper of the robot is moving up or down relative to the body of the robot. In the case where the gripper is attached to the metallic structure and the rest of the body rotate up or down about axis 3 the table would be different.
Therefore, most of the motor axes, except 1 an 8, have various gain tables depending on the nature of the movement. The parameters in the table depend on the direction and the range of the movements. 
CLIMBING STRATEGY
The robot has been designed taking into account not only its mobility among the complex 3D environment but to perform these movements with minimum energy consumption which permits to maximize the robots autonomy. The robot autonomy is one of the most important specification. For this purpose the robot movements were analysed taking in consideration the minimum power consumption. These are three different types of movements: As shown in Figure 10 , all three movements are performed by a combination of 7 MP (A, B, C, D, E, F and G). This is why it is necessary to compute the energy consumption for each of them and then select the minimum energy consumption strategy for the forward movement.
Table III shows the energy consumption and the robot speed along the beam for the above mentioned alternatives. This calculated energy is the sum of the power consumption of each motor involved in each specific movement. As result of this study, including the gravity force, the best compromise between energy consumption and robot speed is dragging, being the accepted MP A and B. For the 2D movements between different beams the sequence is similar to the above adding to it the elevation and and/or orientation of the grippers. Finally, most of the complex 3D movements are ensured by combining all individual movements including the gripper rotation.
As in the above mentioned example, for 2D and 3D movements the minimum energy consumption MP are selected. beams-cross, which join the beams and columns to form 2D or 3D structures. An example of the 2D open beam-cross structure is presented in Figure 11 , where the three level coding of the primitives ("a.b.c") has the following form: "a" is the number of the beam, "b" is the number of the face of the beam, and "c" is the reference point on the beam (starting, centre or end point). The environment is modelled as a graph, called "environment graph", using the described primitives showing in Figure 11 . 
ENVIRONMENT MODELLING

PATH PLANNING STRATEGY
The common inspection task is performed through the whole metallic structure, which makes it necessary to plan the robot path with the following requirements: a) compute the round trip path taking into account the power consumption, and These two requirements entails solving a TSP-like problem:
1) starting and finishing the inspection task in the same point, 2) transiting, if possible, only once along each beam face, and
3) optimizing the robot consuming energy.
To solve the TSP problem it is necessary that the graph should be Hamiltonian, i.e. the graph in which it can be possible to visit all the nodes without repeating one. Normally, to determine if the graph is Hamiltonian, a difficult non-polynomial (NP) problem should be solved. This is why, usually the graph is transformed into a complete one, in wich every vertex is adjacent to every other one, which is always Hamiltonian 15 . However, in our case, the environment graph is easier to transform directly into Hamiltonian which is less redundant than the complete one. To compare the efficiency of the developed ROMA path planning algorithm the optimum and "best heuristics" ones were computed. The optimum algorithm is based on the "Branch & Bound 1-Tree" technique developed by Hurwitz 16 . Due to the fact that the TSP problem is an NP, the computing time of this optimum algorithm increases in an exponential way. This makes it impractical to implement for the ROMA robot environments which have a big number of nodes (more than 100).
To solve this problem several traditional heuristics have been checked in order to obtain the sub-optimum solution. The following "best heuristics" are checked:
a) "nearest addition" which consists of adding to an initial tour (close robot path) a nearest node which is not in the tour, b) "farthest insertion" which consists of inserting to an initial tour the farthest node, c) "easytour" which follows the order of definition of the nodes, etc.
To improve the results of these heuristics in the final stage of each algorithm the "improver" is proposed 17 . It consists of a local iterative search which exchanges the nodes positions in each heuristic tour in order to optimize the energy criterion. In this case the exchange strategy is based on a variation of a well known Lin and Kernighan algorithm 18 . Nevertheless, despite that the "best heuristics" has a good energy optimization, for a big number of nodes (about 900) this algorithm is also impractical.
The compromise between computing time of the path planning algorithm and energy consumption for a big number of nodes was solved by the ROMA heuristic algorithm. It is based on a "Nearest Neighbour" algorithm 19 modified and adapted to our case. It visits all beam faces (nodes "a.b.2") without repeating any, and uses the nearest neighbour node criterion to transit between them. Figures 12 and 13 show the effectiveness of the proposed path planning algorithm which can be computed in quasi real-time for a big number of nodes.
The first figure points out the differents compositions of columns and beams that have been considered in the resolution of differents algorithms, and the second figure shows the different results using the estimated energy among the movements presented in During the movement, the robot's battery level can be checked continuously. Using this data the robot predicts the minimum battery level necessary to perform the returning movement to the starting point. This prediction is based on the modified algorithm A* using the energy criteria 20 .
GUI AND ROBOT PROGRAMMING
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The robot teleoperation, supervision and monitoring are performed through a specially developed Graphical User Interface (GUI), which main window is shown in Figure 14 . The GUI is homed in the "ground" operation centre, which communicates with the robot on-board computer via radio Ethernet. The GUI has been designed with an open and modular philosophy allowing future reusability and scalability. New modules can be added at any time to enhance the functionality and user-friendliness of the system and also to add new features and programming possibilities.
The GUI includes the main following features: The communication between the GUI and the control programmes on the on-board computer is performed through 3 channels (sockets) on a client server basis. The server, which is the main control programme in the on-board computer, is first executed to wait for the connection of the client programme that could be running in any computer within the same radio network.
Thereafter, the server enters in a loop and watches for any commands sent by the client and in turn dispatches them to their corresponding destination.
The GUI and its associated programmes run on two parallel processes in the ground computer and interchange information via signals and shared memory. Figure 15 illustrates the interconnection of the GUI modules. The main process containing the MOTIF graphical part is responsible for the interaction with the user and sends orders to the on-board server via the first channel. The second channel configured to asynchronous mode is used for reading incoming information from the server. The reading is triggered only when data is available (received). The module responsible for receiving the camera image data from the on-board computer runs as a separate process, which continuously read from the frame grabber via the
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Metallic Column third channel. Every time a complete frame data is received the data is processed to create the image and put in a common area accessible by the main module, which receives a signal on the completion of the image creation. Thus, the main module triggers the function responsible for refreshing the camera image on the main GUI. The programming of a given task of the robot is initiated through the Programming Interface (PI) shown in Figure 17 . The first step of this process starts with the definition of the inspection environment using a graphical editor. This can also be achieved using a special language. Second, a decision is made about the selection of the points to visit on the defined environment, or visit all points of the structure and define the task at these locations. Third, 23 automatic energy calculation and generation of the optimal path. The latter is followed by an automatic coding of the robot programme for the defined task. The coding of the programme can also be done by hand, but in complex and large structures it is more appropriate to perform this tricky task automatically and let the ROMA tools take care of this process. Figure   18 illustrates a listing of the programme to define the base of the structure shown in Figure 17 . Once the path is determined and the programme is generated the PI offers a simulation facility, which visualise how the robot would move through the defined structure and also show the simulated energy consumption on the viewing window as illustrated in Figure 17 .
The GUI is equipped with the facility of a low level programming to issue direct commands to the multiaxis servo controller of the robot in its low level programming language. It serves for fault diagnosis, resetting, calibration, changing control parameters and assists in performing other important maintenance functions such as enquiring about some states of the motors and the current control gains for each of them.
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CONCLUSIONS
It has been shown that the developed ROMA robot has several important advantages in the field of climbing robots: it has a very dextrous kinematic structure, which allows it a variety of movements to access complex structures. It uses a powerful on-board sensorial system, which permits sufficient positioning accuracy and error recovery. Moreover, the main advantage is the fact that it is designed as an autonomous system able to move freely in complex environments. These movements are performed with a very high security level.
A novel metholodogy for the design and path planning of a robot able to navigate in complex 3D environments, such as automatic inspection of bridges, buildings metallic structures, among many others has been used to develop the ROMA robot .
The advanced Graphical User Interface, developed for the ROMA, allows an effective and user friendly operation of the robot with a minimum operator training. It has been designed with an open and modular structure allowing future reusability and scalability.
The initial experiments using the ROMA robot confirm its advantages and usefulness in executing the inspection operations in complex environments. There are clear indications that this type of robots could replace the human operators in dangerous tasks in the near future.
